Stoichiometric operation of Spark Ignited (SI) Heavy Duty Natural Gas (HDNG) engines with a three way catalyst results in very low emissions however they suffer from bad gas-exchange efficiency due to use of throttle which results in high throttling losses.
Introduction
Most of SI engines use a throttle to control the desired torque. The throttle losses results in lower gas-exchange efficiency which results in worse fuel economy [1] . Gas-exchange efficiency for the most of operating points of a HDNG engine is presented in Figure 1 . As Brake Mean Effective Pressure (BMEP) at each engine speed decreases, the Gas-Exchange efficiency also decreases due to the more closed throttle which results in more pumping losses.
Some strategies have been reported to reduce the throttling losses. In [2] , [3] and [4] Exhaust Gas Recirculation (EGR) is used together with closed loop dilution limit control to reduce the throttling losses. With this strategy the benefits are limited to the dilution limit of the engine. In [5] a technology called WEDACS (Waste Energy Driven Air Conditioning System) is being developed to recover throttling losses. In [6] , [7] and [8] the new and efficient strategy viz. Variable Valve Timing (VVT) is introduced which resulted in higher efficiency in a wider range of operating region of engines. However these strategies associated with complexity, more components and higher costs.
Figure 1: Gas-exchange efficiency as a function of Load and Engine speed for a HDNG engine
This paper presents an innovative strategy which shows how VGT can be used to partly reduce the throttling losses in a HDNG engine. In [9] the feasibility of using VGT for the HDNG engine is established. Moreover extending the maximum load limit of the engine by means of VGT was addressed and discussed.
VTG technology is extensively used in diesel engines however the use of VGT is very much ignored in gasoline engines due to their relatively high exhaust temperatures. The exhaust gas temperature of gasoline engines could reach up to 1000°C, versus 650°C in diesel engines [10] . Ordinary VGT materials and constructions are difficult to withstand temperatures over 890°C [11] . Normally natural gas engines use the same combustion technology as gasoline engines due to similar fuel properties. In heavy-duty applications, since the engine speed does not exceed 2000 RPM, the exhaust gas temperature is not very high. As an example, the maximum allowable exhaust gas temperature for the experimental engine that operates stoichiometrically is 7600C which is tolerable for VGT material. Traditionally heavy-duty natural gas engines use the same turbocharging technology as gasoline engines. They are equipped with a turbocharger with wastegate but it is quite simple and advantageous to replace the by-pass turbocharger with a well-matched VGT to achieve the required boost pressure.
Normally a throttle is used to control the desired torque in the engines, but it is also possible to use a VGT instead of the throttle in a large operating range to control the desired torque. This is possible due to the flexibility of the VGT to adjust the inlet pressure by altering the geometry of the turbine housing. In this operation region the throttle is kept fully open and the VGT is used to adjust the inlet pressure and finally control the demanded torque. This means that the throttle will not be used in a large part of the operating region and no throttle use means no throttle losses.
The boost threshold for the experimental engine is specified in Figure 2 . VGT start producing boost only above the atmospheric pressure and with enough amount of exhaust mass flow rate. Figure 2 shows the inlet pressure as a function of different engine speed and BMEP after installing VGT on the engine. The VGT operating region is above the boost threshold and is specified with the dashed lines. The main objective of this paper is to investigate the feasibility of reducing losses by means of VGT. The possible gains in term of gas exchange efficiency and fuel consumption is quantified. Morover the dynamics of the VGT is compared to the throttle dynamic. The results showed that by using VGT instead of throttle in a big operating range the Gas-Exchange efficiency is improved by at least 2 unit percent. The dynamics of VGT and throttle are compared and the reasonable dynamics by VGT is reported.
Experimental setup
In this section the specification of the experimental engine, its control system and the pressure measurements are described.
THE ENGINE
The experimental engine was originally a diesel engine from Volvo which has been converted to a natural gas engine, see Table 1 for the engine specification. The engine is equipped with high pressure and low pressure EGR system and also a turbocharger with wastegate. 
ENGINE CONTROL SYSTEM
A master PC based on GNU/Linux operating system is used as a control system. It communicates with three Cylinder-Control-Modules (CCM) for cylinder-individual control of ignition and fuel injection via Controller Area Network (CAN) communication, see Figure 3 . The engine is equipped with Low and High pressure EGR system and a VGT.
Crank and cam information are used to synchronize the CCMs with the crank rotation. Flexible controller implementation is achieved using Simulink and C-code is generated using the automatic code generation tool of Real Time Workshop. The C-code is then compiled to an executable program which communicates with the main control program. 
Results
This section is divided into three main subsections. In the first subsection the possible gains with VGT in term of gas-exchange efficiency is discussed. The time constant of the system by using VGT or throttle is calculated and compared in the second subsection. In the third subsection the achieved results are validated by performing same experiments at other operation points.
Improvement in GasExchange Efficiency
To quantify the gain in gas-exchange efficiency, IMEP was altered between 10 and 14 bar at 1000 RPM once by using the throttle and once by using the VGT. First the throttle is used to change the load. In this case the VGT position is fixed (i.e. 60% closed) and the throttle was altered between 40 and 100% opening to achieve the desired load. The results are evaluated in terms of gas-exchange efficiency (see Figure 4 ). The Y-axis to the left shows the throttle position and the Y-axis to right illustrate the gas-exchange efficiency. The X-Axis indicates the number of cycles. Once the throttle was fully opened, the gas-exchange efficiency increased from roughly 98 percent to almost 100 percent. It confirms that the throttling losses results in roughly 2 percent unit losses in gas-exchange efficiency at this operating point.
In the second experiment the throttle was kept fully open and the VGT is used to alter the desired load at the same engine speed. The VGT position is altered between 0 and 60% to adjust the desired boost and subsequently to achieve the desired IMEP. The load was altered in the same range as it was altered by the throttle. Figure 5 shows the gas-exchange efficiency as the VGT is used to control the load. The Y-axis to the left shows the VGT position and the Y-axis to right illustrates the gas-exchange efficiency. Since no throttling has occurred to adjust the desired load, no losses are introduced and the gas-exchange efficiency is kept at its highest level all the time i.e. almost 100%. During the transient (i.e. step responses) some wave pulses are generated which result in overshoots in the opposite direction (see Figure 5 ). For instance when opening the VGT, exhaust backpressure decreases, but it takes a while before the inlet pressure falls, thus lower pumping loss and higher gas-exchange efficiency for some cycles can be achieved. In the same way higher pumping loss is achieved for some cycles when closing the VGT. The duration of these overshoots corresponds to the turbochargers lag at this operating point. 
Dynamics of VGT versus Throttle
Another important parameter that should be considered is the response time of the engine to the changes in VGT. The response time should be fast enough to make the VGT a viable alternative to the throttle. The time constants for the experiments i.e. load variation by VGT or throttle are calculated and compared. Time constant is defined as the time required for a system output to change from its previous state to 63% of the final settled value.
As discussed in the previouse subsection, two different experiments were performed one with throttle and one with VGT. The results in terms of gas-exchange efficiency were evaluated and disscussed. Figure 6 changes for the same experiments. The time constant during rise and fall of IMEP for both experiments are calculated and presented in Table 2 .
The time constant for the system during the rise is somewhat longer with VGT but during the fall it is much shorter. The VGT was about 10 cycles slower in rising but almost 25 cycles faster in falling. 10 cycles corresponds to 1.2 seconds at 1000 RPM and 25 cycles corresponds to 3 seconds at 1000 RPM. These results indicate that the dynamics of the VGT are fast enough to be be an alternative to the throttle. 
Validation
The previous experiments were performed at 1000 RPM and gains of about 2 percent units in gas-exchange efficiency were observed. According to Figure 1 the largest operating region of the VGT is at 1400 RPM. To validate the achieved results and also to investigate the VGT performance at some other operating points, the same experiments were performed at 1400 VGT Position IMEP RPM. The IMEP was altered between 11 and 21 bar, once with the throttle and once with the VGT. Figure 8 and Figure 9 show the gas-exchange efficiency as the load was altered with the throttle and VGT respectively. The gas exchange efficiency decreases from approximately 98 % to 95 % when throttle is used to change the load (i.e. IMEP) from 21 to 11 bar at 1400 RPM. In the second experiment the throttle is kept fully open and the VGT is used to achieve the same amount of IMEP. As Figure 9 shows the gas-exchange efficiency is kept at its highest level all the time. This confirms 3 percentage points improvement in gas-exchange efficiency by using VGT instead of throttle at those operating points. The dynamics were also in the same range as reported for the 1000 RPM case. Similar experiments at other engine speeds were performed which were in line with the presented results. 
Control Strategy for Fuelefficient driving (lowest possible throttle losses)
To avoid the throttling losses as much as possible a control strategy is suggested. It gives two options to the driver to control the desired load. The driver will be able to drive either in the conventional way i.e. with throttle or in a fuel-efficient mode. With the fuel-efficient strategy, the throttle usage is avoided as much as possible. With this mode, to control the load mainly VGT, partly EGR and partly a combination of throttle and EGR is used. The whole operating region of the engine is divided into three main regions. The biggest operating region located above the boost threshold which can be covered by VGT. In this region as it was already discussed in this paper, the throttle is fully open and the load is totally controlled by altering the geometry of the turbine housing. This results in adjusting the boost pressure and finally the demanded load. This region is specified in Figure 10 . 60 percent of the total operating points can be covered by VGT. The second region is located under the boost threshold. The throttle still can be fully open and by adding EGR the amount of load is decreased. This means that at this region the EGR valve is the main actuator for controlling the desired load. Since the throttle is still fully open at this operating region there will not be any throttle losses. There is a limit for the amount of EGR with the fully open throttle. Increasing in cyclic variation in IMEP can be a good indication for this limit. The throttle is used combined with the optimal amount of EGR in the third region. Figure 10 demonstrate the three discussed operating regions and Figure 11 describes the suggested control strategy. 
